O ver the past 30 years, there have been great advances in cardiovascular imaging and treatment. Early in this period, new techniques were usually investigated on a limited research basis before widespread adoption. This research helped to develop evidence to define proper application in clinical practice. Sometimes, this evidence did not support the initial promising reports. Pulmonary blood volume measurements, regional ejection fraction images, digital subtraction angiography, stress echocardiography using transesophageal pacing, pacemaker therapy for hypertrophic cardiomyopathy, laser coronary angiography, and aortic valvuloplasty were all appropriately tested on a limited scale and abandoned.
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In the past 15 years, declining Medicare reimbursements have contributed to a "make it up on volume/grow the business" mentality in medicine that often embraces a broader application of new technology before it has been adequately studied to establish its correct role. Many observers have commented that clinical practice often now "runs ahead of" guidelines. Should this pattern continue with respect to newer technology, eg, computed tomographic (CT) angiography, for the diagnostic and prognostic assessment of chronic coronary artery disease (CAD)? To answer this question, the reader must understand the current health-care crisis, the overwhelming evidence supporting the current use of stress imaging with or without imaging, and the limited evidence for CT angiography.
The Current Health-Care Crisis
The need for fundamental health-care reform is increasingly recognized. For the past 2 years, all the major presidential candidates have defined positions on health-care reform. A prominent 2-page advertisement in the Sunday New York Times signed by 10 past political leaders, including a former chairman of the Federal Reserve Board, summarized it well: "Mounting healthcare costs…threaten American competitiveness, and, if they remain unchecked, could even bankrupt the country. …The prognosis for our nation's health is beyond unacceptable-it is inconsistent with America's long-standing tradition of stewardship." 1 Figure 1 shows why the current system is not sustainable. 2 Private health insurance premiums are now 320% of what they were in 1991; this increase is more than twice the increase in the consumer price index during the same time. The striking increase in private health insurance premiums is at least in part attributable to cost-shifting, as Medicare reimbursement has failed to keep pace with inflation. Although the 2008 Medicare legislation was hailed as a great victory by many, 3 because it eliminated the planned 10% cut
The opinions expressed in this article are not necessarily those of the editors or of the American Heart Association. This article is Part I of a 2-part article. Part II appears on page 270.in physician fees, the small increase in 2009 physician fees will again not keep up with general inflation, so the long-term gap between the Medicare physician reimbursement and inflation will widen.
Imaging procedures are part of the problem. Stress imaging (stress nuclear imaging and stress echocardiography) in Medicare patients increased at an annual rate of 6% per year between 1993 and 2001, far in excess of the increases in catheterization, revascularization, or acute myocardial infarction ( Figure 2 ). 4 The increases have been even greater for noncardiac imaging. Computed tomography, MRI, and positron emission tomography increased 4-fold for Medicare patients between 1995 and 2005 (Figure 3) , an annual increase of 16% per year. 5 Relatively few of these procedures were cardiac, because CT coronary angiography was in its infancy during this decade.
These increases in imaging have been under scrutiny in Congress. The Deficit Reduction Act of 2005 reduced Medicare reimbursement for the technical component of imaging. The 2008 Medicare legislation included a provision for an imaging appropriateness demonstration project in 2010, and a requirement that all imaging laboratories reimbursed by Medicare be accredited by 2012. The American College of Cardiology recognized these growing concerns several years ago and initiated efforts to develop appropriateness criteria. 6 Unfortunately, the crisis in health-care costs is about to get much worse. Beginning in 2011, when the first member of the "baby boom" generation turns 65, the U.S. population will age rapidly ( Figure 4 ). The number of Americans older than 65 years (and therefore eligible for Medicare) will increase by 5.1 million between 2000 and 2010, by 14.4 million between 2010 and 2020, and by 16.8 million during the following decade. The number of Americans older than 65 years will double between 2000 and 2030. If current spending trends continue, the Congressional Budget Office projects that the entire federal budget will be devoted to Medicare and federal spending on Medicaid by 2040. 7 The impact of health-care costs on state spending is just as worrisome. Retiree healthcare benefits promised by the states constitute an enormous unfunded future liability, which now exceeds 381 billion dollars. 8 In 2006, 3 states-New York, California, and Illinois-had unfunded liabilities of greater than 48 billion dollars each. As of 2006, the available state reserves for this purpose covered only 3% of the future liability.
Almost all health-care reform proposals advocate improved efficiency and value in health-care spending and seek to better align medical care with evidence-based guidelines. In the sections that follow, I will seek to convince the reader that the existing paradigm of stress testing with or without imaging is an integral part of existing clinical practice guidelines and supported by very robust evidence. In contrast, CT angiography is a very promising technology with far less evidence. Further research is needed before widespread clinical adoption should proceed.
Existing Clinical Practice Guidelines
The clinical management of patients with chronic coronary artery disease is carefully outlined in the Guidelines of American College of Cardiology (ACC)/American Heart Association (AHA)/American College of Physicians/ASIM for the Management of Patients with Chronic Stable Angina, which were first published in 1999, 9, 10 and subsequently updated in 2002. 11, 12 A revision of these ACC/AHA guidelines is currently under way and will hopefully be published next year. These guidelines were conceived under the direction of ACC/AHA Task Force on Clinical Practice Guidelines, using rigorous methodology that has been previously detailed in Circulation 13, 14 and is available on both the ACC 15 and AHA Web sites. 16 The stable angina guidelines include 3 flow diagrams that delineate the entire process of clinical management (the European Society of Cardiology guidelines on stable angina make similar recommendations 17 ). The first diagram describes initial clinical assessment, which should identify noncardiac causes of chest pain, unstable angina, exacerbating conditions such as hyperthyroidism, and other cardiac conditions such as valvular and pericardial disease. If patients warrant further diagnostic testing or prognostic risk assessment, they enter the second flow diagram ( Figure 5 ), which describes the use of stress ECG testing and stress imaging. Experienced clinicians will recognize that the issues of diagnosis and risk stratification are intertwined in many patients, as reflected in Figure 5 . The course of action outlined in the figure is supported by multiple Class I recommendations for stress testing with and without imaging for diagnosis and risk stratification. The major purpose of stress testing with or without imaging is to identify high-risk patients who may merit early coronary angiography and consideration for revascularization to improve their prognosis. (A modest number of additional patients may be considered for angiography because of contraindications to stress testing or inadequate noninvasive information). Only few patients will be considered as at high risk after noninvasive risk stratification. For example, the prospective application of the Duke treadmill score to an unselected outpatient population demonstrated that only 4% had high-risk treadmill scores warranting early coronary angiography. 18 The stable angina guideline listed 8 noninvasive findings that indicated high risk (Table 1 ). The pending update of the guideline will likely describe additional high-risk features on noninvasive testing that are supported by the subsequent literature.
A major advantage of the use of stress testing with or without imaging to evaluate patients with stable CAD is the objective demonstration of ischemia. Evidence of ischemia has long been recognized as critical in the clinical management of patients with CAD and particularly for the decision to proceed with revascularization in the absence of disabling symptoms. This is reflected in the percutaneous coronary intervention guidelines in both the United States and Europe. 19, 20 For example, the 2005 European Society of Cardiology Percutaneous Coronary Intervention guidelines require objective evidence of a large area of ischemia for a Class I-A recommendation for percutaneous intervention in stable coronary disease. 20 The 2005 ACC/AHA/Society of Coronary Angiography and Intervention Guidelines 19 indicate that percutaneous coronary intervention is a Class II-A (level of evidence B) indication in patients who are asymptomatic or have Canadian Cardiovascular Class I or II angina and that "the vessels…must subtend a moderate to large area of viable myocardium or be associated with a moderate or severe degree of ischemia on noninvasive testing." Thus, the demonstration of ischemia is a well-established requirement for the clinical management of patients with chronic CAD.
Supporting Evidence
There is a very robust evidence base to support the recommendations in existing clinical practice guidelines for stress testing with or without imaging.
The proper application of diagnostic testing in chronic coronary disease itself is an enormous topic. Interested readers are referred to the chronic stable angina guidelines for a comprehensive discussion. Bayes' theorem argues strongly that diagnostic testing is best performed in patients with an intermediate pretest probability. In patients with a low or a high pretest probability, diagnostic testing has less incremental value. However, noninvasive testing may be valuable in patients with a high pretest probability for the purpose of risk stratification. Almost the entire literature on noninvasive diagnostic testing is subject to the effect of posttest referral bias, a complex topic that is carefully described in the chronic stable angina guidelines.
Various ACC/AHA guidelines tabulate the multiple published studies on the diagnostic use of exercise ECG testing, 21 exercise single photon emission computed tomography (SPECT) myocardial perfusion imaging, 22 and exercise echocardiography. 23 Table 2 provides a simple summary of these evidence tables, which include many studies (and many thousands of patients) validating the use of stress testing with or without imaging for diagnostic purposes. Additional diagnostic studies in recent years Table 7 Exercise Testing
Exercise SPECT 32 4480 Table 5 Radionuclide Imaging (22) Vasodilator SPECT 16 2492 Table 6 Radionuclide Imaging (22) Exercise Echo 33 3480 Table 7 Echocardiography (23) Dobutamine Echo 36 3280 Table 8 Echocardiography (23) have generally been modest in size and scope, as the literature was already relatively mature. The evidence for stress testing with or without imaging is equally robust with respect to prognosis or risk stratification. The older literature on the use of treadmill exercise testing is summarized in Table 3 . 24 -29 More recent literature has focused on the Duke treadmill score. As indicated in the stable angina guidelines, this score was first developed in a retrospective study on an inpatient population, then applied prospectively on an outpatient population, and subsequently confirmed in multiple other studies from different institutions using the same methodology and the same definitions for risk groups (ՅϪ11 for high risk; Ϫ10 to ϩ4 for intermediate risk; and Ն5 for low risk). As shown in Table 4 , 30 -38 more than 60 000 patients have now been included in studies that have usually had greater than 4 years of follow-up.
The evidence supporting the prognostic value of stress myocardial perfusion SPECT imaging in the evaluation of chronic CAD is equally strong (Table 5) . 39 -51 The study cohorts are generally large, and the total number of patients studied is more than 19 000. The average follow-up in most studies was at least 1 year and as long as 6 years. These studies have consistently shown a significant relative risk associated with abnormal studies and a very high negative predictive value for normal studies.
Similar evidence is available for stress echocardiography. [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] (Table 6 ). The study cohorts are again generally large, and the total number of subjects studied is more than 5000. The average follow-up ranges from 8 months to 41 months. Similar to SPECT, an ischemic stress echocardiogram is associated with a high rate of subsequent cardiac events, and a normal stress echocardiogram has a very low annual event rate.
The clinical utility of this approach is most obvious for patients who are found to be at low risk by stress testing with or without imaging. For patients with low-risk Duke treadmill scores, the 4-year hard cardiac event rate has been consistently less than 1%. Similarly, for both stress SPECT imaging and stress echocardiography, normal studies have generally been associated with a hard annual cardiac event rate of less than 1%. As indicated in the stable angina guidelines, the available data from randomized trials suggests that this low rate of cardiac events cannot be improved by revascularization. 68 These patients can be safely treated initially with medical therapy and only investigated further if their symptoms cannot be controlled.
This strategy was supported by the results of the Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE) trial, the largest randomized trial of patients with chronic CAD. 69 A strategy of optimal medical 
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therapy plus revascularization was not associated with improved outcomes compared with a strategy of optimal medical therapy in 2287 patients. Thus, revascularization could be safely deferred until the patient's symptoms had proven refractory to medical therapy, when they would then be considered for revascularization to improve their symptomatic status. The nuclear substudy of the COURAGE trial, subsequently published by Shaw et al, 70 confirmed the importance of the quantitative noninvasive assessment of perfusion on serial stress SPECT imaging in a subset of 314 patients from the COURAGE trial. Stress-induced ischemia measured quantitatively by a core laboratory was more likely to be improved by a strategy of optimal medical therapy plus revascularization compared with a strategy of optimal medical therapy. Moreover, patients who had improvement in quantitative ischemia, regardless of whether it was achieved by optimal medical therapy plus revascularization or by optimal medical therapy alone, had fewer subsequent hard events (death or nonfatal myocardial infarction), but the difference was not significant after adjustment for baseline differences.
Another potential advantage of stress testing with or without imaging is the demonstration of ischemia in patients without obstructive CAD. Recent evidence, particularly from the Women's Ischemic Syndrome Evaluation study, a multicenter study sponsored by the National Heart, Lung, and Blood Institute, 71, 72 has demonstrated that many women without obstructive CAD continue to have symptoms and a poor quality of life. 73, 74 Many of these women have evidence of stress-induced ischemia, which is likely related to microvascular dysfunction. 75 One example of the recent literature 76 on this important subject is shown in Figure 6 . This study reported the results of adenosine Doppler echocardiography and dobutamine stress MRI in a cohort of patients with syndrome X, defined as angina, stressinduced ischemia, and the absence of obstructive coronary artery disease. The Syndrome X patients had less coronary flow reserve demonstrated by Doppler echocardiography of the left anterior descending coronary artery, as well as a spectrum of abnormalities on dobutamine stress MRI. Stress-induced ischemia in patients with typical angina but without obstructive CAD is often associated with endothelial dysfunction. 77 More recently, such patients have also been shown to have an adverse prognosis. 78 TMET indicates treadmill exercise test; Echo, exercise echocardiogram; SPECT, exercise SPECT study; D, death; CD, cardiac death; MI, nonfatal myocardial infarction; HE, hard events; w, women; m, men; d, derivation set; v, validation set; C-index, concordance index; abn, abnormalities; med, median.
Limited Evidence for CT Coronary Angiography
Compared with the wealth of diagnostic and prognostic information for stress testing with or without imaging, CT coronary angiography has a fairly limited evidence base. The technology in this area has rapidly evolved. Early studies performed with 4-slice or 16-slice CT scanners are no longer relevant, as the latest generation 64-slice CT scanners have demonstrably better results when compared with invasive coronary angiography. Although multiple studies have now shown that 64-slice CT coronary angiography has a close relationship to invasive coronary angiography, these studies have by necessity focused on patients who were referred for invasive coronary angiography. Such patients are more likely to have a high pretest likelihood of coronary artery disease, as well as high-risk findings on other noninvasive tests, compared with the patient cohorts (consisting primarily of intermediate-likelihood patients) that are most appropriate for noninvasive assessment. There is only very limited published data regarding the subsequent outcomes of patients studied with CT angiography.
Only a few studies that have compared the results of 64-slice CT coronary angiography with SPECT myocardial perfusion imaging using a standardized approach. Figure 7 shows 4 representative studies 79 -82 from the most recent literature, which include only 324 total patients. Three of these studies come from leading European centers; the remaining study comes from Japan. These studies have demonstrated a consistently high negative predictive value for CT coronary angiography, ie, a coronary angiogram that does not demonstrate obstructive disease is generally associated with a negative SPECT myocardial perfusion image. However, the negative predictive value is not 100%. Although it can be argued that this finding might reflect false-positive myocardial perfusion images, it is also possible that some of these patients had true stress-induced ischemia in the absence of obstructive disease, as described above. An anatomic approach using CT coronary angiography would therefore misclassify such patients as normal.
These 4 studies have additional limitations. Only a minority of the subjects (27% to 45%) were women. Although intermediate-risk patients were common (75% to 86%), 2 of the 4 studies included patients with known coronary artery ACM indicates all-cause mortality; Dual, performed with Tl-201 rest studies; F/U, follow-up; HE, hard event (i.e., cardiac death or nonfatal myocardial infarction); RR, relative risk; SPECT, single-photon emission computed tomography; y, year.
Modified from reference 22. Reproduced with permission.
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disease and a majority of the patients were referred to invasive angiography in 3 of the studies, suggesting that this was a more selected higher-risk group than the intermediatelikelihood and intermediate-risk patients who are most suitable for noninvasive risk assessment. Two of the 4 studies did not report body mass index. In the other 2 studies, the mean body mass index was 24 and 26, suggesting that obese patients were underrepresented in these cohorts compared with current clinical practice. Patients with atrial fibrillation were excluded in 3 of the 4 studies. Renal insufficiency is only mentioned as an exclusion in 1 of the 4 studies but presumably was an exclusion in all 4 cohorts. Thus, the spectrum of patients reported in these 4 studies is not representative of the broad population of the intermediaterisk patients who are most suitable for noninvasive assess- Total 5823 †New wall motion abnormality considered "positive" for inducible ischemia. DIP indicates dipyridamole stress echocardiography; DSE, dobutamine stress echocardiography; NL, series with follow-up restricted to patients with normal studies; TME, treadmill stress echocardiography. Other abbreviations as in Table 5 .
Modified from Ref. 23 . Reproduced with permission. ment. We do not know how CT angiography compares to SPECT imaging (or exercise ECG testing or exercise echocardiography) in such patients. Furthermore, the positive predictive value in these 4 studies ranged from 40% to 65%. This limited positive predictive value presumably reflects the assessment of some stenoses of intermediate severity, which might not be physiologically significant. However, several of these studies reported limited positive predictive value for more severe stenoses. Sato et al 81 (Figure 8 ) reported that only 54% of stenoses judged to be 70% to 80% had reversible defects by SPECT. Gaemperli et al 82 reported that the probability of SPECT ischemia was Ͻ25% for lesions of 80% diameter stenosis, and Ͻ50% for lesions of 95% stenosis ( Figure 9) . Thus, the significant anatomic lesions seen in these studies were often not physiologically significant. These patients would also potentially be misclassified by an anatomic approach.
These somewhat surprising results may reflect the known limitation of CT coronary angiography for the assessment of stenosis severity. Figure 10 shows results reported by Leber et al in 2005 using 64-slice CT. 83 The correlation coefficient comparing the stenosis by CT coronary angiography and the stenosis by quantitative invasive coronary angiography was only 0.54. More importantly, many stenoses were judged to be 0% by one approach and 20% to 70% by the other approach. Although a more recent study 84 did not find examples of such extreme discordance, the correlation coefficient between stenosis severity assessed by CT angiography and stenosis severity assessed by invasive coronary angiography was still only 0.53.
Potential Concerns Regarding an Anatomic Approach
During a recent visit to a major academic center in a major American city, I observed a percutaneous coronary intervention procedure in a middle-aged man with a 40% to 50% right coronary stenoses. The patient had no significant disease in the left circumflex or left anterior descending coronary artery. This patient had undergone CT coronary angiography at the suggestion of his internist because of a positive family history. He had no history of any exertional symptoms, had never had a stress test to demonstrate ischemia, and had never actually seen a cardiologist in consultation before he was directly referred by his internist for coronary intervention. When I questioned the wisdom of this approach, I was told that "if we don't do this procedure, we will anger the referring physician, and he will find someone else in the city willing to do it." I learned that this patient example was not an isolated one, because this particular laboratory had already seen 3 similar patients within the preceding month. Although this anecdote is not supported by any systematic data, it does demonstrate a potential abuse associated with CT coronary angiography. Noncardiologists may overreact to the presence of moderate stenoses and institute patient referrals to interventional cardiologists, who may then respond to the oculo- stenotic reflex 85 and perform procedures of questionable benefit. Recent literature has also questioned the population radiation exposure that may occur with widespread use of CT coronary angiography. 86, 87 A widely publicized study 87 used Monte Carlo simulation to estimate radiation doses and then used these doses to estimate the lifetime attributable risk of cancer for different organs. The lifetime risk clearly varied with age and gender and was greatest in young women. Although recent technical advances can substantially reduce the radiation exposure associated with CT angiography, 88, 89 these important measures may not be applied uniformly in practice. Depending on the specific radioisotope used, stress SPECT imaging may be associated with a similar estimated radiation dose.
An anatomic approach may possibly reduce the likelihood of appropriate medical care of the patient. Patients who are found to have normal or near-normal CT coronary angiograms may be less likely to modify their lifestyle and risk factors, and their physicians may be less likely to carefully follow them in this regard. The available outpatient data from the Minnesota Community Measurement Project, the only systematic population-based data of its kind in the country, shows disappointing results for the control of hypertension, hyperlipidemia, and diabetes. 90 The COURAGE trial has demonstrated that optimal medical therapy can be delivered in a consistent fashion. The demonstration of normal or minimally abnormal coronary arteries on CT angiography may reduce the interest of the patient and his or her physician in appropriate lifestyle and risk factor modification.
Conclusions
The use of stress testing with or without imaging in the noninvasive diagnosis and prognostic assessment of chronic CAD is well established. Its important role is emphasized in existing clinical practice guidelines and supported by an extensive evidence base. CT coronary angiography is a very promising technique. The technical advances in this field within the past few years are truly astounding. However, much more research is needed before this technique can be applied on a widespread basis in clinical practice. In the meantime, the preferred approach should continue to be stress testing with or without imaging. Hopefully, future studies will provide more evidence to support the role of CT angiography in appropriate patients and demonstrate that its benefit justifies the required additional investment in personnel, training, and equipment. Disclosures R.J.G. has a research grant from King Pharmaceuticals for core laboratory studies regarding part of the development program for an adenosine agonist. R.J.G. also has served as a consultant to Cardiovascular Clinical Studies for the WOMEN study.
